Background {#Sec1}
==========

The adult brain retains a capacity for plasticity and functional reorganization throughout the life span \[[@CR1]\]. Stroke is the leading cause of long-term disability in adults. Applying modern imaging techniques, the neural correlates to motor recovery after stroke \[[@CR2]\], as well as major differences in cortical activity between stroke patients and healthy controls have been reported exemplifying brain plasticity \[[@CR2]-[@CR7]\]. Because the stroke population is heterogeneous from various perspectives necessitating individualized management, improved understanding of the mechanisms underlying cerebral reorganization and recovery of function is required.

Spasticity occurs in at least 20% of all stroke patients \[[@CR8],[@CR9]\], contributing to movement deficits, pain and impaired function. Spasticity therapy has therefore become important in today's neurological clinical rehabilitation \[[@CR10]-[@CR12]\]. Intramuscular injections with botulinum toxin type A (BoNT-A) in combination with physical therapy and orthoses has become an increasingly applied therapeutic alternative and results in functional improvement in up to 90% of patients \[[@CR13]-[@CR15]\]. Intriguingly, in our previous study of 100 patients receiving focal spasticity therapy \~ 30% reported improvements in social participation, linguistic ability and increased cognitive capacity \[[@CR14]\]. Furthermore, improved health related quality of life was also seen after focal spasticity therapy in our subsequent study \[[@CR16]\]. These observations suggest significant central effects. BoNT-A therapy and subsequent brain modulation has previously been studied, mostly focusing on the extent of neural activation and its changes applying functional magnetic resonance imaging (fMRI) using Blood Oxygenation Level-Dependent (BOLD) contrast \[[@CR17]-[@CR21]\] (see Discussion).

The purpose of this study was to shed light on cortical correlates to peripheral functional improvement after comprehensive focal spasticity therapy in stroke patients studying fMRI changes in intensity and extension of BOLD activity, focusing on the motor and pre-motor cortex.

Methods {#Sec2}
=======

This study was performed in two steps. In the first step the test paradigm, its time-dependent variability and the relation between frequency and brain response were assessed in healthy subjects. In the second step stroke patients were studied.

First, 10 healthy volunteers \[5 women; mean age 51 years (SD 8)\] were enrolled and fulfilled the following criteria: right-hand dominance, no known acute or chronic disease, and no contraindications to MRI.

Second, 6 first-time chronic stroke patients were studied \[4 women; mean age 66 years (SD 10)\]. They fulfilled the following inclusion criteria: left-sided stroke ≥ 6 months prior to the study, right-hand dominance, spasticity in the finger flexors of the right hand (score \< 4 on the Ashworth Spasticity Scale (AS) of 0--4), partial ability to extend the finger extensors, muscular strength ≥ 2 (Medical Research Council Scale, 0--5), ability to understand and follow instructions and to communicate, no contra-indications for MRI.

Patient characteristics and therapy specifications are shown in Table [1](#Tab1){ref-type="table"}.Table 1**Patient characteristics (n = 6) at referral, therapeutic targets, and spasticity therapyPatient\# 1\# 2\# 3\# 4\# 5\# 6Sex**FFMFMF**Age**675559797559**Diagnosis/localization**Cerebral infarction, left, subcorticalCerebral infarction, left, subcorticalCerebral infarction, left, subcortical + brain stem infarctionCerebral infarction, left, subcorticalCerebral infarction, left, subcorticalBrain stem + cerebellum**Years since injury**2.522.531.517**Concomittant diseases/conditions**HypertensionHypertensionHypertension**Medication**Baclofen, Felodipin, ASA, DipyridamolASA, Dipyridamol, LanzoprasolBaclofen, Fenytoin, Clopidogrel, PravastatinASA, Dipyridamol, BisoprololBaclofen, ASA, Diltiazem, Dipyridamol, Amilorid, Hydroklorthiazid, Acetylcystein, Budesonid, FormoterolWarfarin**Activity limitations/ICF**d4400, d4401, d4403d4400-4403d4400-4403d4401-4403d4400-4403d4400-4403**Ashworth baseline wrist/finger/thumb = average**2/2/1 = 1.72/2/2 = 2.02/3/1 = 2.01/2/1 = 1.32/1/1 = 1.33/3/2 = 2.7**Sensory function 2-PD**344334**Physical therapy**\-\-\-\-\--**Occupational therapy**-x\-\-\--**Orthosis**\-\-\-\-\--**Technical aid**walking stick, walker-wheel chairwalking stick, walker, wheel chairwalking stick, walkerwalker**Therapeutic targets & spasticity therapyInjected muscle groups**fl dig superfic & profundus, fl poll long, flex carpi uln & radialisfl dig superfic & profundus, fl poll long, flex carpi uln & radialis, brachialis, brachio-radialisfl dig superfic & profundus, fl poll long, flex carpi uln & radialis, pron teres, biceps, brachialis, pectotalisfl dig superfic & profundus, fl poll long, flex carpi uln & radialisfl dig superfic & profundus, fl poll long, flex carpi uln & radialis, pron teres, biceps, brachialisfl dig superfic & profundus, fl poll long, flex carpi uln & radialis, pron teres, biceps, brachialis, pectoralis**BoNT dose \[U\]**120300350130350390**Physical therapy**xxxxxx**Occupational therapy**-x\-\-\--**Orthosis**xxxxx-

This study was conducted according to the principles of the Declaration of Helsinki, and was approved by the Karolinska Institutet Ethics Committee.

Therapeutic procedure and management in stroke patients {#Sec3}
-------------------------------------------------------

The management strategy has previously been described in detail \[[@CR14]\]. Intramuscular injections with BoNT A (Botox® Purified Neurotoxin Complex, Allergan, Inc., Irvine, CA, USA) were administered to finger, wrist and forearm muscles when muscle over-activity was present. Electromyography recording was used to detect abnormal muscle activity and to guide the injections. Dosing was based on the "Guidelines for the use of botulinumtoxin (BTX) for the management of spasticity in adults" \[[@CR12]\]. Physiotherapy consisted of supervised hand and wrist training one hour once a week combined with a daily home training program of 45 minutes, and the application of orthoses for flexor muscle stretching; Table [1](#Tab1){ref-type="table"}. The training program emphasized hand function in the hemiparetic hand although motor tasks involving both sides were included. A modified Carr and Shepard motor relearning program for stroke in the upper extremities was applied, also comprising exercises for shoulder abduction, forward flexion, extension and elbow flexion and extension to elicit muscle activity and to train motor control \[[@CR22]\]. For the wrist function exercises were mainly aimed at extension, supination and radial deviation. In the hand, training was performed to enhance major hand functions: to grasp, release, and manipulate objects. The program also included exercises with therapeutic dough of varying resistance for dexterity, coordination and strength. Stretching to improve or maintain length of muscles and to prevent contractures ended the program. Patients were also encouraged to involve both hands in everyday tasks.

Treatment was given by one physiotherapist and functional effects were evaluated by another physiotherapist applying tests described below and in an additional file \[see Additional file [1](#MOESM1){ref-type="media"}\].

Functional tests in stroke patients {#Sec4}
-----------------------------------

Motor function and sensibility were assessed within a week prior to therapy and again 6 and 12 weeks after initiation of therapy and documented by a video recording. The tests are listed in an additional file \[see Additional file [1](#MOESM1){ref-type="media"}\].

CNS correlates in healthy volunteers and stroke patients {#Sec5}
--------------------------------------------------------

### Experimental design and procedure {#Sec6}

The fMRI protocol was performed twice in healthy subjects with at least 6 weeks interval and three times in patients, at baseline and 6 and 12 weeks after initiation of focal spasticity therapy. A block design was used with 5 repetitions of the motor task lasting 32 s each time. A total of 104 echo-planar imaging (EPI) volume images were acquired. The first 4 volumes (16 s) were excluded to avoid signal saturation effects. The motor task repetitions consisted of 8 volumes each (32 s) of active finger extension-flexion of the right hand in the full range of motion from closed fist to fully open hand with extended fingers at a frequency chosen by each subject. A 12 volumes (48 s) resting phase was inserted at the beginning and end of the run as well as between each activity phase. The entire run therefore lasted altogether \~ 7 min.

Prior to the actual test, the procedure was explained and followed by a training session inside the MR scanner where the subjects listened to pre-recorded instructions via a headset. The same instructions were used in the monitoring room to synchronize fMRI recording and data glove registration. The data glove (5DT, Fifth Dimension Technologies, CA., USA) was used to register the extension-flexion cycle frequency and to monitor compliance with the instructions. This one-size-fits-all data glove made from lycra stretch fabric contains one embedded fiber optic sensor per finger. The optic sensors were linked to the computer via an opto-electronic unit, a ribbon cable, and an interface box. In order to minimize flexor synergies and additional movements in the right wrist, a plastic orthosis was positioned over the wrist under the data glove. Another orthosis was used over the entire left hand and wrist to prevent co-contractions. Head motion was minimized by using a head support system consisting of a deflatable vacuum pillow. During scanning, subjects were blindfolded to reduce eye movements. Headphones dampened scanner noise while a microphone allowed communication between staff and subjects. An E-vitamin tablet was positioned on the right forehead to ascertain right and left in the subsequent analysis.

### MRI protocol {#Sec7}

All measurements were acquired with a Siemens Magnetom Vision 1.5 T whole body MRI system with a standard head coil (Siemens, Erlangen, Germany).

Functional imaging was performed using a T2\*-weighted gradient-echo EPI mosaic sequence with TE = 60ms, TR = 4000 ms, FA = 90°, 23 slices covering the whole brain, slice thickness = 5mm, interslice distance = 1mm. The matrix size was 64x64 and field of view (FOV) 240 mm with in-plane resolution 3.75x3.75 mm^2^. Each scanning session included the acquisition of a high resolution TI-weighted 3D scan with a voxel size of 1 × 1 × 1 mm^3^ and a FOV of 256 × 256 mm. A magnetization-prepared rapid acquisition gradient-echo (MP-RAGE) technique was employed. The scan covering the whole brain lasted for 10 minutes and 52 seconds. Furthermore, a T2-weighted and proton density scan was acquired for clinical routine evaluation.

### Data analysis {#Sec8}

Pre-processing and analysis were performed using the fMRI Expert Analysis Tool (FEAT) Version 5.91, which is part of the Analysis Group at the Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library (FSL) (see also [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl)). The following pre-statistics were applied: 1) Motion correction using FMRIB's Linear Image Registration Tool (MCFLIRT) \[[@CR23]\], 2) non-brain removal using the Brain Extraction Tool (BET) \[[@CR24]\], 3) spatial smoothing using a Gaussian-shaped kernel with a full width at half maximum (FWHM) of 5 mm, specifying neighborhood size and weighting, 4) grand mean intensity normalization of the entire 4D dataset by a single multiplicative factor, causing all single-session data sets to have the same overall mean intensity, and 5) high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting with sigma = 40.0s) to remove slow unwanted signals (i.e. heart beat, breathing, scanner-related drifts) in each voxel's time series.

The statistical analysis of fMRI time series was carried out using the FMRIB's Improved Linear Modeling (FILM) with local auto-correction correlation to fit the GLM voxelwise \[[@CR25]\].

In the post-statistics processing of activation images, Z (Gaussianized T/F) statistic images were threshold-using clusters determined by Z \> 2.3 and a (corrected) cluster significance threshold of p = 0.05 \[[@CR26]\].

Registration to high resolution structural and/or standard space images was carried out using FLIRT, providing optimization for robust affine (12DOF in 3D) linear registration and motion correction of brain images \[[@CR27]\].

Atlas based analysis of data was performed using the Jülich probability atlas for the left and right primary and secondary motor cortex-specific Brodmann areas 4a, 4p and 6 to cover primary and secondary motor representations, and Eickhoff's Anatomy Toolbox v1.5, linearly transformed into MNI152 space \[[@CR28]-[@CR30]\]. For regional probabilistic atlas based analysis parameters were converted to % BOLD signal change. For each probabilistic region of interest (ROI) the activated brain volume (number of adjacent activated voxels) and magnitude of BOLD activity were recorded.

### Validity, reproducibility & frequency dependence in healthy subjects {#Sec9}

The validity of the test paradigm was assessed by the location of the activated voxels. Within the whole brain, the voxel with the highest (peak) BOLD activity was identified by the highest Z-value corresponding to the largest increase in BOLD activity compared with baseline. In addition, the number of all adjacent voxels with a significantly increased BOLD activity was recorded.

The reproducibility was assessed by the distance (mm) in the whole brain between the two voxels with the highest BOLD activity at recording sessions \#1 and \#2 calculated in space (3D) as well as in the perpendicular X- (frontal), Y- (sagittal) and Z- (vertical) planes. Coefficients of variation (CV; %) were calculated for the peak BOLD activities in paired voxels, where CV was the intra-individual standard deviation divided by the mean of all 20 observations × 100.

Also the numbers of activated voxels were determined within each BA (BA4a, BA4p, BA6) as well as the mean, median, 90% of maximum, and maximum BOLD activity values. CVs were calculated for the number of voxels and BOLD activities for the left hemisphere (L1 vs. L2), right hemisphere (R1 vs. R2), and the left-to-right ratio expressed as (L-R)/R\*100 (%). Finally, the BOLD activity was assessed in relation to frequency change in one healthy subject.

The data glove registrations were analyzed with an in-house MATLAB script (The Mathworks, Natick, MA, USA) extracting the finger extension-flexion frequencies for each subject. Frequency-dependence was then tested at the group level at both sessions and in one of the subjects at a third session. In the latter, the same block design was used but instructions were modified by adding the sound of a metronome aiming at one extension-flexion cycle per second (1Hz), one per 2 s (0.5Hz), and one per 4 s (0.25Hz), respectively.

Statistical analysis {#Sec10}
--------------------

Mean (SD) and median (range) values were used for descriptive purposes. Spearman's correlation was used for the analysis of the relation between BOLD activity and the motor task frequency. Friedman's non-parametric test for repeated measures was used for the stroke group analysis. The Wilcoxon's signed rank test was used for paired comparisons including the post hoc analysis within the stroke group. The Mann--Whitney *U* test was used for comparisons between healthy subjects and patients. A p-value \< 0.05 was considered significant. Concerning ROI analyses, however, a conservative p-value using the Bonferroni correction would give p \< 0.002.

This was an exploratory study, but, based on previous experience \[[@CR14]\], we expected 90% of the patients to be therapy responders.

The software used in the imaging analysis includes statistical methodologies as specified in the specific manuals referred to above.

Results {#Sec11}
=======

Validity, reproducibility & frequency dependence in healthy subjects {#Sec12}
--------------------------------------------------------------------

The details of this part of the study are presented in an additional file \[see Additional file [1](#MOESM1){ref-type="media"}\]. In summary, the expected brain areas were activated but the anatomically defined BAs according to the Jülich atlas showed considerable inter-individual overlap; Figure [1](#Fig1){ref-type="fig"}. The time-dependent variability was moderate and on the group level there was no relation between the motor-task frequency and the BOLD activity.Figure 1Automatic definition of 3 Brodmann areas (BA) within the left hemisphere according to the Jülich probability atlas BA4a (blue), BA4p (orange) and BA6 (yellow). These areas are projected on to an averaged brain image from the 10 healthy subjects. Note the overlap, which is due to the inter-individual variability of the extension of these 3 areas.

Functional tests in stroke patients {#Sec13}
-----------------------------------

There were 5 (out of 6) therapy responders. Spasticity decreased on average 1.0 from baseline (median 1.85, range 1.3-2.7, vs. 0.85, range 0**-**1.7; p = 0.03, Wilcoxon's signed rank test). There was a border-line significant improvement in upper extremity function with an average increase of 6.5 points in the total score from baseline (median 21.0, range 5--41, vs. 27.5, range 14--44; p = 0.05, Friedman's and Wilcoxon's tests). Specifically, hand function improved in 5 patients, arm function in 4, and wrist function in 2. One patient deteriorated in each function (patient \#6). There was no significant change in hand grip strength or sensibility; see Table [2](#Tab2){ref-type="table"}.Table 2**Functional test results at baseline, and 6 and 12 weeks after therapy initiationPt\#Ashworth scaleB Lindmark motor assessment scaleJamar dynamometerAverage of 3 muscle groups \[0--4\]Total score \[≤63\]Mean strengthWomen \[\~25kg\]Men \[45 kg\]Baseline6w12 wBaseline6w12wBaseline6w12w1**1.70.71.31923361.73.74.7**2**2.00.31.755151.755.3**3**2.00.70.711182611.767**4**1.30.30.341414433.74**5**1.30.30.02527296.385**6**2.70.71.021141460.71.3**Median**1.850.50.85\*\*2120.527.54.54.44.9**Range**1.3-2.70.3-0.70-1.75-415-4114-443-11.70.7-8.01.3-5.3**Mean**1.80.50.8\*\*20.321.327.3\*5.14.54.6\*p = 0.05; \*\*p \< 0.01, Friedman's test; significant changes for baseline vs. 6 and 12 weeks according to post hoc analysis with Wilcoxon's signed rank test.

CNS correlates, stroke patients in comparison with healthy subjects {#Sec14}
-------------------------------------------------------------------

The overall results in healthy subjects and patients were obtained in the absence of significant changes of motor-task frequency within-groups between the 3 sessions in patients and the 2 sessions in healthy subjects, respectively. There was, however, a significant difference between healthy subjects and patients when comparing the first but not the second sessions, with a lower frequency in patients.

The main difference between the two first sessions in patients and healthy subjects is shown in Table [3](#Tab3){ref-type="table"}. It shows that in healthy subjects there is a likely habituation involving the relevant BAs as also illustrated in Figure [2](#Fig2){ref-type="fig"}.Table 3**Changes (%) in mean and maximum BOLD activities in 3 Brodmann areas (BA) during the motor task at session 1 (baseline), 2 (6 weeks), and 3 (12 weeks)BA4aBOLD meanBOLD maxPt \#L1/L2/L3R1/R2/R3(L-R)/R %L1/L2/L3R1/R2/R3(L-R)/R %**12.90/2.02/1.863.19/0.96/0.95−9/11/1019.5/10.1/18.922.1/5.52/13.7−12/84/3722.31/3.52/3.682.86/5.58/3.80−19/-36/-310.9/28.4/31.716.5/33.5/17.2−34/-15/8532.24/1.43/3.32.67/1.36/2.91−16/5/1317.8/10.9/19.719.1/8.20/15.0−7/33/3141.20/2.71/2.181.59/2.50/1.82−25/8/208.79/26.8/15.413.8/14.9/11.9−36/80/3052.76/2.64/2.581.96/3.38/2.3841/11/822.4/19.8/17.018.5/13.7/9.6421/45/7663.62/0.92/0.714.69/1.05/1.28−23/-12/-4533.1/3.52/4.3532.0/7.04/15.14/-50/-71Mean2.51/2.21/2.392.83/2.29/2.19−8/14/1518.8/16.6/17.820.3/13.8/13.8−11/29/31**Healthy subjects; mean1.16/1.050.66/0.49\*79/13010.6/8.05.70/3.66108/160**p values0.011/0.014**0.001/0.001**0.002/0.0040.034/ns**0.001/0.001**0.003**/0.001BA4pBOLD meanBOLD maxPt \#L1/L2/L3R1/R2/R3(L-R)/R %L1/L2/L3R1/R2/R3(L-R)/R %**12.37/1.50/1.552.42/0.76/0.83−2/98/8719.5/10.1/18.922.1/4.53/13.7−12/123/3721.14/2.75/2.501.88/3.44/2.77−39/-20/-108.11/28.4/31.712.1/22.8/17.2−33/25/8531.40/0.98/2.651.16/0.73/1.4421/34/8410.7/7.89/18.114.0/5.18/10.8−24/52/6740.99/1.41/1.261.39/1.31/1.30−29/8/-38.79/16.2/6.9113.8/14.0/11.9−36/16/-4252.27/2.12/1.451.59/1.70/2.1843/24/-3318.5/13.9/8.9118.5/1.1/9.220/15/-362.96/0.86/0.612.96/0.70/0.670/22/-933.1/2.96/4.3525.6/7.04/5.3829/-58/-19Mean1.86/1.60/1.671.90/1.44/1.53−1/28/1916.4/13.3/14.817.7/10.9/11.4−13/29/21**Healthy subjects; mean0.94/0.870.51/0.37\*85/578.08/6.734.16/2.86122/149**p values0.045/0.020**0.001/0.001**0.003/0.0040.045/ns**0.001/0.001**0.002/0.008**BA6BOLD meanBOLD max**Pt \#**L1/L2/L3R1/R2/R3(L-R)/R %L1/L2/L3R1/R2/R3(L-R)/R %**12.81/1.96/1.713.10/0.94/0.67−9/108/15536.4/13.0/18.734.7/13.0/3.565/0/43022.59/3.93/3.892.64/6.15/4.11−1/-36/-510.9/32.8/33.216.5/39.5/28.3−34/-17/1733.08/1.78/3.812.71/1.50/3.5914/0/61918.3/13.8/22.719.1/9.60/20.4−4/44/1141.51/1.26/2.621.30/2.28/1.9816/-40/3315.6/26.8/16.78.50/13.6/11.984/96/4152.52/3.09/4.721.53/2.25/3.6465/37/3031.9/24.1/39.017.7/14.8/25.180/63/5565.09/1.23/0.884.10/1.06/1.1624/15/-2427.0/13.9/5.9932.0/10.3/15.1−16/35/-60Mean2.93/2.21/2.942.56/2.37/2.5218/16/3223.3/20.7/22.721.4/16.8/17.419/37/82**Healthy subjects; mean1.09/0.940.69/0.5661/7612.7/9.626.08/4.69119/116**p values0.003/0.004**0.001/0.001**0.015/0.0340.034/0.0110.003**/0.001**0.020/0.015Values from the 10 healthy subjects studied twice serve as reference; p values refer to between-group differences. \*p \< 0.05 for session 1 vs. 2 in healthy subjects (p \< 0.002 applying Bonferroni correction in bold font).Figure 2Whole brain statistical analysis of the BOLD activity at a group level during the motor task is shown for 10 healthy subjects at the first **(a)** and the second **(b)** session. Each figure presents the slices of the brain from the base (upper left) to the top (lower right) with a view from below (R = right) with anterior (front) up and posterior (occiput) down. Significantly (Z \> 2.3, p \< 0.05) activated voxels are overlaid on mean anatomical image. Activation is seen in primary and secondary motor cortices, supplementary motor cortex, and cerebellum, and three brain slice levels in which these areas are visualized are highlighted within coloured rectangles.

In patients, the increase in mean BOLD activity during finger extension-flexion compared to rest was 2-3% in BA4a and BA6 and \< 2% in BA4p in the left and right hemispheres both before and after intervention. Compared to healthy subjects, the motor task was associated with a 2--4.5 times greater increase in BOLD activity in patients. The difference in activities between the left and right hemisphere is presented as percentages of the right-sided activity \[(L-R)/R\*100\], where negative values (only in patients) signifies a higher activity in the right hemisphere. In BA4a and BA4p patients had a higher right-sided activity, which changed in a normalizing direction after therapy, exemplified by patient \#1 in Figure [3](#Fig3){ref-type="fig"}. In BA6 patients showed a more normal left-to-right lateralization throughout the study, but with less difference between the left and right hemispheres than the healthy subjects.Figure 3The mean BOLD activity is shown before **(a)** and 12 weeks after **(b)** intervention in stroke patient \#1. Each panel presents the slices of the brain from the base (upper left) to the top (lower right) with a view from below (R = right) with anterior (front) up and posterior (occiput) down. Before therapy the BOLD activity is more pronounced than after, especially in the right hemisphere.

Before therapy, the number of voxels reaching the activity threshold (Z \> 2.3), i.e. the extension of significant activity increase, in all 3 areas was on average greater in the left than in the right hemisphere, but there were inter-individual differences. After therapy the distribution of activated voxels was reduced in both hemispheres, most obvious on the right side as exemplified in Figure [3](#Fig3){ref-type="fig"}. These changes were generally consistent between patients. Comparing patients vs. healthy subjects there was no significant difference in the number of activated voxels in the left hemisphere. In contrast, there was a larger number of activated voxels in the right hemisphere in patients, significant in all 3 areas in the second session (Mann--Whitney *U*-test). The left-to-right lateralization was significantly more pronounced in healthy subjects than in patients in BA4a and BA4p but not in BA6. In response to therapy, the left-to-right ratios increased in patients but remained less pronounced than in healthy subjects.

Discussion {#Sec15}
==========

The main findings of this study on the central correlates to functional motor improvement in 5 out of 6 first-time hemi-paretic stroke patients with disabling right hand spasticity receiving comprehensive focal spasticity therapy were as follows: Repeated fMRI during a standardized motor task before intervention showed an increase in BOLD activity of on average \~1.5-3% in the motor and pre-motor cortex (BA4a, BA4p & BA6), and a larger increase in BOLD activity in the ipsilateral (right) than in the contralateral (left) hemisphere in BA4a and B4p. After intervention there was a minor decrease in the left-sided and a larger decrease in the right-sided BOLD activity (non-injured part of the brain), leading to a clear lateralization (left \> right) in a "normalizing" direction. Compared to 10 healthy subjects, the mean increase in BOLD activity during the motor task was 2--4.5 times larger in patients and with less left-sided dominance. The reduction in BOLD activity (intensity) during the motor task performed after therapy likely reflects reduced oxygen and nutrient requirements.

While the peripheral mechanism of BoNT-A treatment is well-known, knowledge about CNS effects is sparse. Recently, evidence for central effects following focal spasticity therapy with BoNT-A assessed both with real and imaginary finger movements, have, however, been presented. fMRI was previously mainly applied to follow changes in the extension (areas) of brain activation. One explanation offered for the observed changes in activation pattern is alterations in sensory inputs to the CNS following reduction of Ia afferent signals \[[@CR19]-[@CR21]\]. These observations are in line with results from studies on focal dystonia describing central effects of BoNT-A treatment \[[@CR31]-[@CR33]\]. Like in previous studies \[[@CR17]-[@CR21]\], a whole brain approach was initially applied also in our study first using the Brain Voyager software showing main activities in the motor and pre-motor cortex (data not presented). A more automatic and less observer dependent method became available and was therefore applied. In the fMRI analysis (with the Oxford FMRIB Software Library, FSL), after whole brain analysis (see Additional file [1](#MOESM1){ref-type="media"} Tables S1A and B), we focused on quantifying BOLD intensity in motor cortex-specific BAs using the Jülich probability atlas \[[@CR29],[@CR30]\]. Apart from confirming previous observations on brain reorganization following focal spasticity therapy, this study showed that the same motor task involved more intense brain activation in stroke patients than in healthy subjects, especially in the ipsilateral (non-injured) hemisphere, and that this activation was significantly reduced following therapy. Tentatively, these changes might contribute to reduced fatigue and improved social and cognitive function observed in our previous studies (see next section for possible mechanism), an interpretation that, however, needs further study. Please observe that these inferences are drawn from statistical analyses primarily of specific motor areas.

Comparison of the BOLD activity response in patients vs. healthy subjects {#Sec16}
-------------------------------------------------------------------------

Neural correlates to motor recovery after stroke as well as major differences in cortical activity between stroke patients and healthy controls have previously been reported in several studies applying fMRI \[[@CR3]-[@CR7]\]. In the present study there was a clear difference between patients and healthy subjects with regard to the intensity and extension of the BOLD activity. The difference was most significant concerning the activation of the right hemisphere. In healthy subjects the BOLD activity became even less at the 2^nd^ session -- likely a habituation effect observed before \[[@CR34]\]. A decrease in BOLD activity was also observed in patients after therapy, especially in the right hemisphere. Even if part of this decrease was due to habituation, the pattern was different than in healthy subjects.

The intriguing issue regarding the differences between patients and healthy subjects concerns the complex relation between BOLD activity, cerebral blood flow (CBF) and oxygen utilization or metabolism (cerebral metabolic rate of oxygen, CMRO~2~): *Does the stroke brain consume more energy even for a simple motor task?* Unfortunately, and for technical reasons, absolute CBF could not be measured in this study -- a limitation. In a study of healthy subjects performing self-paced bilateral finger tapping, a linear relation between increased CBF and CMRO~2~ with a ratio of 3:1 was reported, but the relation between BOLD activity and CBF or CMRO~2~ was not addressed \[[@CR35]\]. Based on subsequent seminal work from San Diego \[[@CR34],[@CR36],[@CR37]\] some assumptions can be made. A reduction in BOLD activity in response to a standardized task might be due to reduced neuronal activity coupled to reduced CMRO~2~ and CBF \[[@CR37]\]. However, in stroke patients the hemodynamic response to neuronal activity might be altered. In healthy subjects the ratio between CBF and CMRO~2~ had a good reproducibility (CV \< 10%) at least in visual experiments \[[@CR34]\]. This suggests that most of the decrease in BOLD activity we observed in our healthy subjects was due to a decrease in neuronal activity (by habituation), leading to a net decrease in oxygen consumption and CBF. Already at baseline our stroke patients had a higher BOLD activity especially in the right non-injured hemisphere. In a previous study the CBF was higher in the right than in the left hemisphere and similar to age-matched healthy subjects, but less than in younger healthy subjects \[[@CR38]\]. Therefore at least part of the difference in BOLD activity between healthy subjects and patients at the first session in our study might be explained by an age-related CBF difference. The reduction of BOLD activity in the right hemisphere in a "normalizing" direction after therapy might be due to reduced neuronal activity ("over activity" of the non-injured hemisphere) during the motor task, but could also be related to changes in the vascular response or the CMR0~2~ and could be dependent on the baseline absolute CBF of the region. This issue deserves further detailed study.

Focal spasticity therapy {#Sec17}
------------------------

In patients with upper motor neuron syndrome (UMNS), spasticity may cause disability when it leads to structural shortening of muscles, weakness and pain, contributing to movement deficits and impaired function. In our study, with the therapeutic approach to minimize or eliminate the consequences of spasticity, we investigated the effects of a comprehensive spasticity management regarding peripheral as well as central aspects. Before therapy, the average spasticity score ranged between 1.3 and 2.7 (Ashworth scale), a moderate muscle over-activity. Spasticity was assessed at rest, but is often observed to increase during activity. Muscle over activity caused impaired hand and finger dexterity and speed in all patients, but decreased significantly after therapy with an average of 1.0, in concordance with previous reports \[[@CR13],[@CR14],[@CR39]\].

Improvements in stroke patients after rehabilitation using BoNT-A with or without physiotherapy, have been shown in previous studies, also reporting on changes in central correlates during a motor task detected with fMRI \[[@CR17]-[@CR21]\]. These studies used similar methods, task and study plan as in this study. All of them applied BoNT-A to reduce hand spasticity but only three articles reported on combining BoNT-A and intensive physiotherapy \[[@CR19]-[@CR21]\], which is recommended for focal spasticity treatment \[[@CR12],[@CR40],[@CR41]\]. In another article patients performed repetitive arm cycling following BoNT-A injections \[[@CR17]\], and in yet another study no physiotherapy was performed, except for stretching \[[@CR18]\]. All recent studies confirm and describe the patterns of cortical reorganization following therapy in chronic stroke patients in line with previous studies showing that training modulates cortical reorganization \[[@CR42]-[@CR44]\]. Some uniformity is thus emerging concerning improved motor function and brain reorganization and general principles for therapeutic strategies. However, patient heterogeneity predicts that the same therapeutic approach will not be appropriate for all individuals. Therefore further studies on the effect of different physiotherapy or training strategies in combination with BoNT-A therapy are needed.

Study limitations {#Sec18}
-----------------

We planned to include 10 stroke patients, but did not reach this goal before new equipment was installed in the MR-lab. Despite the limited number of patients the results were consistent in the group of responders, which also represent the proportion expected from previous studies \[[@CR13],[@CR14]\]. Another limitation mentioned before is that absolute CBF, such as ASL (arterial spin labeling) MRI could not be assessed with the technology available at the time of the study. Proofs of a relation between improved motor function, positive side-effects, and a brain correlate have not been provided in this study. In this first step, we focused on improved motor function, its brain correlate and changes in BOLD activity. Further research is needed including assessment of e.g. fatigue, its changes after therapy and the changes in brain response. Finally, the healthy subjects were not enrolled to match the patients, but rather to serve as a reference of normal physiology when using the test paradigm and protocol.

Conclusions {#Sec19}
===========

Comprehensive focal spasticity management was also in this study associated with brain reorganization in a "normalizing" left/right lateralization direction in addition to improved motor function. Furthermore, quantification of BOLD intensity in specified BAs showed reduced neuronal "over-activity" in the injured brain after therapy.

Additional file {#Sec20}
===============

Additional file 1:**Part 1: Functional tests - patients.** Part 2: Validity, reproducibility & frequency dependence in healthy subjects. **Table S1A** Peak activities expressed as Z-values at each recording session (\#1 & \#2; Z \>2.3 means p\<0.05). **Table S1B.** The coordinates for each peak activity voxel and their corresponding Brodmann areas according to the Jülich probability atlas (Eickhoff et al., \[[@CR29],[@CR31]\]) at each session (\#1 & 2). **Table S2.** Individual data and coefficients of variation in healthy subjects for the mean BOLD activities expressed as percent increase compared with baseline. **Table S3.** Individual data and coefficients of variation in healthy subjects for the maximum BOLD activities expressed as percent increase compared with baseline. **Table S4.** fMRI changes in session \#1, 2, and 3, in one healthy individual (\#1) performing a motor task consisting of 5 repetitions of 30s active finger extension -- flexion of the right hand in the full range of motion at a frequency freely chosen (\#1 and 2) and metronome guided (\#3).

BA

:   Brodmann area

BOLD

:   Blood oxygen level dependent

BoNT- A

:   Botulinum toxin type A

CBF

:   Cerebral blood flow

CMRO~2~

:   Cerebral metabolic rate of oxygen

CNS

:   Central nervous system

fMRI

:   Functional magnetic resonance imaging

UMNS

:   Upper motor neuron syndrome
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